REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of informaticn is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collsction of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden to Departmient of Defense, Washingtdn Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
Technical Papers

3. DATES COVERED (From - To)

4. TITLE AND SUBTITLE

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Air Force Research Laboratory (AFMC)
AFRL/PRS

5 Pollux Drive

Edwards AFB CA 93524-7048

8. PERFORMING ORGANIZATION
REPORT

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Air Force Research Laboratory (AFMC)
AFRL/PRS

5 Pollux Drive
Edwards AFB CA 93524-7048

10. SPONSOR/MONITOR'S
ACRONYM(S)

11. SPONSOR/MONITOR'S
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

20020828 166

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

a. REPORT b. ABSTRACT c. THIS PAGE

Unclassified Unclassified Unclassified

18. NUMBER | 19a. NAME OF RESPONSIBLE

PERSON
Leilani Richardson

19b. TELEPHONE NUMBER
(include area code)

(661) 275-5015

i : o 'r‘
L% ! ; \L’m: DN LD SR g(

Standard Form 298 (Rev. 8-98}
Prescribed by ANS! Std. 239.18




F——

MEMORANDUM FOR PRS (In-House Publication)
11 Jan 2001

FROM: PROIL (STINFO)
_PR-ED-TP-2001-010

ontrol Number: AFRL
pace

ase of Technical Information, C
the 26kW Electric Propulsion S

SUBJECT: Authorization for Rele
Bromaghim, D.R., et. al., wRadiometric Analysis From

Experiment (ESEX) Flight"
(Statement A)

paper for the Journal of Propulsion and Power

(Deadline: N/A)




Radiometric Analysis from the 26-kW Electric Propulsion Space Experiment

(ESEX) Flight
G.G. Spanjers , I.H. Schilling’, D.R. Bromaghim?
Propulsion Directorate, AFRL/PRSS, Air Force Research Laboratory, Edwards AFB, CA 93524

LK. Johnson®, The Aerospace Corporation, 2350 E. El Segundo Blvd., El Segundo, CA 90245

Abstract

The United States Air Force Research Laboratory’s Electric Propulsion Space Experiment

(ESEX) was launched and operated in early 1999 in Qrder to demonstrate the compatibility and
readiness of a 30-kW class ammonia arcjet for satellite propulsion applications. As part of this

flight, an array of on-board contamination sensors was used to assess the effect of the arcjet and

other environments on the spacecraft. The sensors consisted of microbalances to measure

material deposition, radiometers to assess material degradation due .to thermal radiation, and solar

cell segments to investigate solar array degradation. Over eight firings of the ESEX arcjet; andéS

" minutes, 26 seconds operating tirne) the radiometer near the thruster, viewing the arcjet piume
)Y | (reqthinire)

and body, experience;fj a change in the thermal properties of its coating from-~the—frmgs.

Radiometers with no view of the arcjet, or a view of only the plume, show no change. In general,

Y -

contamination effects égé/ 9b’;erved only on sensors near the thruster exhaust nozzle, a location
unlikely to be 'used in an operational high-powér electric propulsion system. No contamination
effects@:t;served in the backplane of the thruster. For future programs, while engineering
measures may be needed for spacecraft equipment in the immediate vicinity of the thruster body,

the arcjet environment is generally benign.
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Nomenclature

A= Area
Cp,= Specific Heat
On = ‘Heat flux into sensor
Crip = Radiative heat flux
Or = Heat flux conducted down radiometer stem
it
| _sz = Radiative heat within radiometer body | [ c\ A i"k’\— ,
T= Temperature
k= Thermal Conductivity
m= nass

43';/ M‘o!f\%paava_-@;r c,or\sos%n.aég w/a‘“&o\r MM

I. Introduction |
Spacecraft‘ﬂrm‘zﬁrfaces can be degraded by excessive heat flux, which can alter the

emissive and absorptive properties of spacecraft mater‘ials/\changing the thermal balance of the
satellite. Understanding the coupling of these effects with high-power electric propulsion is of -
critical importance to the development of the next-generation of large United States Air Force
(USAF) space structures. A major goal of the USAF Electric Propulsion Space Experiment

(ESEX)' is to explore these issues by measuring the contamination effects of a 30-kW class arcjet

in flight. ESEX was launched on 23 February 1999 ag 1 of § experiments aboard the USAF’s

Advanced Research and Global Observation Satellite (ARGOS)?.




9'/\./7

.

An array of sensors is positioned at strategic locationse ESEX package in order to assess the
contamination effects. “’Ehernﬁ?i_urface degradation due to the arcjet firing is measured using
four radiometers.  These radiometers are coated with S13-GLO white paint, acmmegnﬁ/
*saefz:g material with low solar absorptivity and high emissivity. Measurement of heat transfer
through the coating determines the degradation of S13-GLO when subjected to the spectral
emission of the high-power arcjet. This degradation impacts the thermal design of si)acecraft
using high-power electric propulsion. Maés deposition is measured using four thermoelectric
quartz crystal microbalances (TQCMs).” A sample Gallium Arsenide (GaAs) solar array segment
placed near the arcjet nozzle determines impact on the satellite power generation capability.’
Electromagnetic interference is characterized using a set of on-board antennas and ground
stat‘ions.5 This paper focuses on heat flux and material degradation measurements from the
radiometers. Measurements from the other on-board sénsors can be found in companion‘ papers

within this issue.
N~

Svurna/Q

P , ,
During ,83 firings of the ESEX arcjet, the radiometer placed near the thruster exit, with a view of
both the arcjet plume and body, shows material degradation of the sensor }hema’?c/oating from— — P<¢Jr‘-“’h'v‘
the ajet-firings. Radiometers with no view of the arcjet, or a view of only the plume, show no
measurable degradation. Although degradation associated with contaminationAs-observed, the

waS \A/ . . .

effect ia-0observed only on sensors place’ very near, and with a direct view, of the exhaust nozzle
of the thruster. It is highly unlikely that material or sensors would be located this close to the
thrusters exit plane in an operational high-power electric-propulsion system. Contamination
sensors located in the backplane of the arcjet show no deleterious effects. For future programs,

while engineering measures may be needed for spacecraft equipment in the immediate vicinity of

the thruster body, the arcjet environment is generally benign.

W /@ On-Board Radiometer Sensors




The ESEX flight unit is equipped withf:'u{licrobalances, ,&}(ﬁdiometers, and‘f;zctions of GaAs
solar array cells. The sensors are positioned on the ESEX flight unit as shown in Fig. 1. Specific
radiometer sensor locations are listed in Table 1. In Table 1, angle=0 is defined as horizontal to
the thruster exit plane with negative values in the backﬂovs} region; and when sensor angle=90 if

the sensor normal is directed towards the thruster exit.

The locations of the ESEX radiometers relative to the arcjet nozzle are shown in Fig. 2.
Radiometer #1 is located on the diagnostic tower adjacent to TQCM #1, where it has a direct
view of the ércjet body and plume. Radiometers #2 and #4 have a view of the arcjet plume, but
are blocked from arcjet body emission by the thermal shield. Radiometer #3 on the diagnostic

deck has no direct view of either the arcjet body or plume.

These sensors, shown schematically in Fig. 3, consist of titanium witness plates supported by a
narrow titanium strut and an insulating nylon bushing. A reflective aluminum housing surrounds
the entire assembly except for an aperture on the front face. The temperature of the radiometer
sensor and base are measured using thermocouples with an accuracy of £1°C. The temperature

measurements are used to calculate the heat flux through the radiometer assembly according to:

dT dT
On = Orip + G2 +kA'Zx"+mCPE

The Qy; and, in equilibrium, mCp dT/dt terms are negligible. Thus, the temperature difference
across the stem corresponds to the net radiative heat flux from the sensor head. This is dominated
by infrared (IR) graybody emissivity (Qgrap) and, when in sunlight, solar absorbtivity (Qu). Thus /)\
the eclipse or shadow temperature difference between sensor head and base corresponds directly

to the IR emissivity of the facg\and-gith this emissivit};\known measurements in sunlight can be
: © pl




used to determine solar absorptivity. The time response of the radiometer, due to the thermal

inertia of the sensor head, is approximately fifteen minutes.

The radiometer face is coated with S13-GLO white paint with a nominal emissivity of
approximately 0.25 in the visible range, increasing to 0.85 in l;he infrared. This is a commonly
used coating for_spacecraft thermal control, but is known to degrade due to solar UV and charged
particle interactions, with changes in emissivity and absorptivity. The degradation of the coating
in response to the emission spectrum of the arcjet is not known but will bg explored as part of the

ESEX flight experiment.

\@ - Flight Data

The ARGOS host spacecraft for ESEX was launched 23 February 1999 from Vandenberg AFB,)\
using a Delta II launche;\into a 97-degree, near-polar orbit at 846-km altitude. The ESEX
contammatxon d1agnostlcs)were powered up to receive data 1 hour, 25 minutes after launch. A
total Of}ESEX firings were performed between 15 March 1999 and 21 April 1999. Following
the eight ﬁringf a battery anomaly occurred which precluded additional firings. The ESEX
events, including the battery anomaly)\are described in detail in Ref. 1. A summary of the ESEX
events related to the contamination measurements is shown in Table 2. . (1

Misnumberedd = m’\ssinj F’j- g 6’6‘&“%“ -se
Figure nd@how/s/che sensor and base temperatures for _Ediomete;:\rl. during the period
surrounding Firing #4. At eight minutes, Firing #4 was the longest of the ESEX experiment.
Figur@shows the radiometer temperatures oscillating with the solar cycle as ARGOS orbits.
Figurhows the same data on an expanded time base to illustrate the details of the radiometer
response to the arcjet firing. Both the base and sensor temperatures are observed to rise through

the firing, never achieving a thermal equilibrium. Other observations, particularly video images®

and solar cell measurements, indicate that radiant emissions from the arcjet remain nearly




constant after the first two or three minutes of operation. In addition, the arcjet itself nearly

reaches thermal equilibrium in that period.”

However, the radiometers do maintain near-equilibrium conditions during the much slower
variations in solar illumination during the ARGOS orbit period. This allows us to determine the
heat absorbed by the radiometers over the course of the solar cycle. Since solar illumination as a

function of orbit phase is known and repeatable, this will serve as an indirect measurement of the

cp\’(t.c*

: . . : ?
solar absorbtivity and infrared emissivity of the radiometer surface coating. As seen in 5‘% yombes £

the behavior of the radiometers over the solar cycle is very consistently repeatable before the
arcjet firing. After the arcjet firing, the long-term behavior is again consistently repeatable, but

the average temperature of the sensor head and base has increased by several degrees. The

temperature difference between the two during periods of illumination has similarly increased,

while the temperature difference in shadow remains approximately constant.
7

b
indicated for reference. The heat flux calculated from radiometer sensor head and base
temperatures are plotted at the point of maximum incident solar flux during the orbit period,
corresponding quite closely to the maximum observed heat flux in the radiometers — as expected
for a system a}\or close to,\thermal equilibrium. Again, we see a secular increase associated with

)

the arcjet firings.

Radiometer #1, with close, direct exposure to the arcjet plume and body, shows the most dramatic

effect. Prior to the arcjet firings, radiometer #1 measures a fairly constant 0.27 W heat load at the

gjeshion=
“ee q) 7

peak of the solar cycle. With the onset of arcjet activity, this value shows a steady rise, reaching

a value of 0.36 W after seven arcjet firings totaling 33 minutes of operation. This suggests a

Figur hows the behavior of the radiometers throughout the mission, with the arcjet firings




.

1% ecssl Lu, @: analysis cannot be presented in this paper. The radiated heat of an operating arcjet ii\i'n

corresponding increase in the solar absorbtivity of the surface coating of the radiometer. Another,

smaller increase, to 0.39 W, is observed following the battery anomaly on Day 114.. .
Liﬁam ore, aﬂ‘mgz“{“’ W‘H'?
bl;).‘-.ﬂ“) m’oah" wont 10 CA‘?‘M‘—:

Radiometers #2 and #4 exhibit similar behavior, but to a much smaller degree. As these “NJ-"OWUIU

radiometers are shielded from arcjet body radiation, and see the plume from a greater distance

than does _;_adiorneter #1, this is unsurprising. Radiometer #3, completely shielded from the

arcjet, shows no significant change in heat flux or surface properties. None of the radiometers

show any noticeable change in heat flux during the eclipsed portion of the orbit, suggesting that

the infrared emissivity of the surface coating does not change.

@ Discussion

The rise in sensor flead temperature during arcjet firing indicates that the radiometer is receiving a
substantial radiated heat load from the arcjet. However,. as the radiometers do not rgach the1}{nal
equilibrium during a single arcjet firing, any attempt to quantify this heat load would reqﬁire a
detailed transient model of the radiometers. Since there is substantial uncertainty regarding key

a model sué%'-as- the heat capacities of the internal components of the sensm)()
l-€ey

J
any event/)\dominated by blackbody emission from the body surface, which can be readily

measured in ground experiments.

The secular changes in radiometer behavior, especially that of %diometer #1, suggest a
permanent change in the surface properties‘ of the Sl3-GL9g3ating as a result of exposure to
arcjet plume and body radiation. The observed heat flux duglg;iiods when the radiometers are
in shadow does not change. As radiometer behavior in shadow is dominated by IR emission, we

conclude that the IR emissivity of the S13-GLO coating is not significantly changed. However,

the ~30% increase in heat flux at maximum solar illumination is signiﬁcantxand suggests a




similar increase in the solar absorptivity of the surface. This is consistent with the white paint
charring or otherwise darkening due to the estimated 1 watt/cm’ radiation flux from the arcjet

body. Radiometers shielded from this effect exhibit much smaller changes in absorbtivity.

e
V. Summary and Conclusions

A preliminary analysis of the data from the ESEX flight is performed to assess the contamination
associated with the use of the 30-kW arcjet. Radiometer data indicates material degradation of
the S13-GLO coating only for the radiometer nearest the arcjet nozzle with a full view of the
exhaust plume and the arcjet body. A 30% increase in heat transfer through the ‘coating is
observed following the?gfcjet firings. Radiometers obscured from the arcjet body, with a view
of only the plum%\sh0wed no evidence of surface coating degradation. Due to a lack of thermal

equilibrium during the arcjet firings, further transient analysis of radiometers is required to assess

the heat flux due to the arcjet firings.

In general, deleterious contamination effects were observed only for sensors placed very near the
arcjet nozzle — much closer than would be designed on an operational spacecraft. Sensors
showed no contamination effects in the thruster backplane. The ESEX data suggests that the
contamination associated with the operation of high-power electric propulsion can be controlled
through relatively simple design adjustments.
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Table 1: Locations of Radiometer Sensors Relative to Arcjet Exhaust Plane

Distance (cm)  Angle (degrees)  Sensor Angle (degrees)
Radiometer #1 40 -11 79
Radiometer #2 48 =37 53
Radiometer #3 45 -60 60
Radiometer #4 60 -41 41

Table 2: Contamination Events during ESEX Flight Experiment

Firing (F) or Event  Date/Time (Zulu)  Julian Date  Duration

Boom Deployed 09MAR99 68.62497
14:59:57

F-1C 15MAR99 74.91383 2m,21s
21:55:55 :

F-2 19MAR99 78.93916 S5m,1s
22:32:23 -

F-3 21MAR99 80.51714 5m,33s
12:24:41 '

F-4 23MAR99 82.89441 8m,2s

, 21:27:57

F-5 26MAR99 85.53154 6m,4s
12:45:25

F-6 31IMAR99 90.54557 4m,29s
13:05:37 '

F-7 02APR99 92.92295 53s
22:09:03 38s

F-8 21APR99 111.51542 425
12:22:12

Battery Anomaly 22APR99 112.63793
15:18:37
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Figure Capt'ions:‘
Fig. 1 (a) Top view and (b) Side view of ESEX showing the locations of the contamination sensors.
Fig. 2 Locations of th%adiometers relative to the arcjet nozzle.
Fig. 3 Schematic diagram of the ESEX /I(adiometers. The radiometer base is 2.9 ineles’in diameter.
Fig. 4 Radiometer behavior over several orbit periods L{b be consi slqu
. w/ sthar meagoneamsnds

Fig. 5 Radiometer behavior during arcjet firing. .
6;3?\.{‘
Fig. 6 Radiometer peak heat flux. Vertical lines denote times of ¥ arcjet firings.
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